The authors measured temperature, temperature uniformity, and emissivity of two large thermionic tungsten cathodes because their operating life is strongly affected by nonuniformities in temperature. The cathodes are self-heated 6.5-and 8-inch disks operating in a vacuum at about 1100°C. Using both multispectral imaging and a conventional CCD camera, we measured at 2 DOE/NV/11718--572 discrete points using spot pyrometers and a hot-wire pyrometer. We took images at the blue end of the spectrum (.4µ) to determine temperature accurate to 3 percent Kelvin. Spot pyrometers at the red end of the spectrum (to 1.8µ) provided emissivity with an uncertainty of 15 percent. We emphasized using data in the blue to determine the temperature and data in the red to determine emissivity. Our straightforward analysis displays data in such a way that the assumptions in determining temperature and emissivity are very transparent and large systematic errors are revealed. Because we obtained a linear relationship between camera counts and integrated exitance of a blackbody, we were able to conclude that the camera was calibrated correctly.
Introduction
Thermionic dispenser cathodes are widely used in modern high-power microwave tubes. Use of these cathodes has led to significant improvement in performance. In recent years these cathodes have been used in electron linear accelerators (LINACs), particularly in induction LINACs, such as the Experimental Test Accelerator at Lawrence Livermore National Laboratory and the Relativistic Test Accelerator at Lawrence Berkeley National Laboratory. For induction LINACs, the thermionic dispenser cathode provides greater reproducibility, longer pulse lengths, and lower emittance beams than does a field emission cathode. [1, 2] Los Alamos National Laboratory is fabricating a dual-axis X-ray radiography machine called dual-axis radiograph hydrodynamic test (DARHT). [3] The second axis of DARHT consists of a 2-kA, 20-MeV induction LINAC that uses a 3.2-MeV electron gun with a tungsten thermionicdispenser cathode. Typically the DARHT cathode current density is 10 A/cm 2 at 1050 o C. Under these conditions current density is space-charge limited, which is desirable since current density is independent of temperature. At lower temperature (the temperature-limited regime) there are variations in the local current density due to a nonuniform temperature profile. To obtain the desired uniform current density associated with space-charge limited operation, the coolest area on the cathode must be at a sufficiently high temperature so that the emission is space-charge limited. Consequently, the rest of the cathode is emitting at the same space-charge-limited current density but is at a higher temperature than necessary. Because cathode lifetime is such a strong function of cathode temperature, there is a severe penalty for nonuniformity in the cathode temperature. For example, a temperature increase of 50°C means cathode lifetime will decrease by a factor of at least four. [4] Therefore, we are motivated to measure the temperature profiles of our large-area cathodes.
At high temperatures radiation is the dominant mechanism for heat loss. The cathodes were designed with a low-conductance mechanical support and thermal shields. We estimate that 90 percent of the heater power was radiated from the front of the cathode. Thus:
where ε, A, and T are the cathode emissivity, area, and temperature, and σ is the StefanBoltzmann constant. Knowing the cathode emissivity at operating temperature is important because of its effect on required heater power. We have measured both the emissivity and temperature profiles for barium-dispenser tungsten cathodes 6.5 and 8 inches in diameter.
Experimental Setup
We performed measurements on a facility called the Cathode Test Stand (CTS). [5] The CTS uses a vacuum vessel 36 inches in diameter and 57 inches long. Pumping is provided by a 4000 liter/sec cryo pump and a 500 liter/sec turbo molecular pump. Because we desired both high vacuum and bakeout capability we used only metal seals. With a cold cathode the vacuum is about 3 × 10 -10
Torr after bakeout. With a hot cathode the pressure is about 5 × 10 -8 Torr. There are several viewports for viewing the cathode. We made measurements through the center port, where we could view the cathode head-on. We used a residual gas analyzer to monitor the partial pressure of various gases as we slowly heated the cathode from room temperature to about 1050°C. The 8-inch cathode has two filament heaters embedded in the tungsten that encircle the cathode's axis; one 3.6 inches in diameter, the second 6.5 inches in diameter. Four filament leads decouple and independently power the heaters. The 6.5-inch cathode has a single filament heater 4.4-inches in diameter and two filament leads.
We measured the temperature of the cathode using a combination of multispectral-imaging pyrometry and spot pyrometry. We employed a camera and three spot pyrometers, including a hot-wire pyrometer. We photographed the cathode at operating temperature using a Photometrics STAR1 CCD camera and narrow-band interference filters at wavelengths of 0.4, 0.45, and 0.50 µm. The filter bandpass was 0.04 µm. The filters were mounted on a stock 35 mm f/2 camera lens. We used a stacked pair of interference filters at each wavelength to increase the blocking of out-of-band light. We converted these photos to thermal images of the cathode after calibrating the camera using a calibrated cavity blackbody. To obtain the most accurate temperatures, we operated as far as possible toward the blue end of the cathode's emission spectrum. The Planck equation [6] shows the reason for measuring temperature in the blue. The spectral exitance (W/cm 2 /µm emitted) of a hot surface is: ∆T /T = (e x -1)( xe Figure 3 plots the calculated change in blackbody temperature ∆T necessary to cause a 10 percent change in measured exitance. For example, a 10 percent measurement of exitance at 0.4
µm would give an uncertainty in the calculated temperature of 5°C (using the middle curve for 1000°C). A similar measurement at 4 µm would give an uncertainty of more than 40°C. Small changes in temperature cause great changes in exitance in the blue. Small changes in temperature cause small changes in exitance in the red. Measurements in the far blue yield temperatures insensitive to uncertainty in the surface emissivity. [7, 8] Measurements in the far red yield emissivity insensitive to uncertainty in the surface temperature.
In addition to acquiring thermal images with the CCD camera, we also measured the temperature at discrete points on the cathode using two Minolta-Land spot pyrometers made by a hot-wire pyrometer. The Land Model 52 has an Si detector and operates at about 1.0 µm, with a bandpass of 0.2 µm. The Land Model 241 has a Ge detector that operates from 1.1 µm to 1.9 µm. We used a long-pass filter with the Model 241 to narrow its operating wavelength range to 1.8 µm, with a bandpass of about 0.3 µm. The Pyro Micro-Therm is a hot-wire disappearing filament spot pyrometer made by Pyrometer Instrument Co. We calibrated these three pyrometers using a cavity blackbody. The two Land pyrometers had a viewfinder for aiming at the desired spot.
(With the Model 241, we aimed the pyrometer before installing the 1.8 µm filter.) The Model 52 displayed the temperature in °C. We corrected the reading from the Model 241 to account for the effect of the filter. The hot-wire pyrometer required blending the appearance of an internal hot filament with that of the target by adjusting the current through the filament, and thus its temperature.
We calibrated the CCD camera with the filters using a calibrated cavity blackbody. We obtained a linear relationship between camera counts and integrated exitance of the blackbody at temperature T:
where
and R(λ) is the spectral responsivity of camera with filter.
NCS(T) is the camera counts/sec normalized to a wide open aperture setting. The sum M int was calculated over the spectral range of the camera. K was a calibration constant determined for each of the three filters used. K was the same within ±10% for all three filters. For calibrations, ε was 0.99 for the cavity blackbody used. During the camera calibration, the linear relationship given by Eq.(4) fit the camera data to within ±3%, as NCS varied by two decades over the range of 900° to 1100°C. It was important to establish this linear relationship to check that the camera was calibrated properly. [9] It indicated that systematic errors that vary with temperature were small. One possible source of error was leakage light due to imperfect blocking of out-of-band light in the filters. Figure 4 is a plot of NCS versus temperature calculated using Eq.(4) with ε = 1. We used this relationship to convert images from camera counts to temperature for a given assumed emissivity ε of the cathode. For example, if the camera has 200 counts/sec, then the temperature is 1080°C for ε = 1, using Figure 4 . Assuming ε = 0.65, the temperature is about 1110°C, corresponding to 200/0.65 = 308 counts/sec. As previously discussed, the calculated temperature for the thermal image at 0.4 µm did not depend strongly on the assumed value of ε.
Experimental Data and Discussion
Using the CCD camera, we photographed the cathodes through the center viewport of the vacuum chamber. The viewport was 0.375-inch-thick 7056 glass, which we measured to have a transmittance of 0.93 from 0.35 µm to 1.95 µm. The window cuts off at about 2.7 µm. The cathodes were about 38 inches from the camera. Figure 7 shows an image taken with a ratio of heating power to the elements of 4.1:1. The shape of the temperature profiles has changed. The cathode is cooler in the center since most of the heater power goes to the outer filament. The maximum temperature variation is about the same as in Figure 6 . We tried four different ratios of heating power, from 1.2 to 4.1. We could change the shape of the temperature profiles but could not decrease the maximum temperature variation.
The observed temperature variations were not radially symmetric, which we attributed in part to the azimuthal gap in the heaters where the heater leads extended from the back of the cathode.
The coolest regions in the thermal images for both cathodes were on the edge at a point nearest this gap. The gaps were at the bottom right and upper left of the 8-inch and 6.5-inch cathodes respectively.
Three effects combined to slightly change the measured temperature distribution for the cathodes. First, rays from the edge of the cathode were incident on the 0.4 m filter at a finite angle with respect to the axis. This gave the filter an effective tilt for rays from the cathode edge.
Second, there was cos n (θ) lens rolloff. [10] Finally, a small amount of multiple scattering existed between flat surfaces in the stacked filters. To minimize the multiple scattering we mounted the stacked filters on the lens so that the primary filter nearest the source had a bandpass of 0.04 µm and was tilted at 1°. The second filter had a bandpass of 0.08 µm and was not tilted. The filters' dull sides faced each other.
We measured the three combined effects by positioning a cavity blackbody at 1050°C at various locations in front of the camera. The resulting correction applied to the thermal images was zero at the image center and increased as the square of the distance from the image center. The correction was radially symmetric. With the cathode in the image center, the correction was zero at the cathode center and +2°C and +3°C at the edge of the 6.5-inch and 8-inch cathodes respectively. Thermal images for the 6.5-inch cathode were averages of two images taken with the filter pair rotated by 0° and 180°. Images for the 8-inch cathode were taken with a single orientation of the filters.
One can judge the accuracy of the corrections discussed above by comparing images taken with the camera pointed at the center with those taken at the top edge of the cathode. Figure 8 shows an image with the camera aimed at the top edge of the 6.5-inch cathode. We took Figure 9 with the camera aimed at the center. We applied the above correction to both images. In both cases we took the vertical line profiles through the cathode center ( Figure 9 is the same as These comparisons also showed that any effects from vignetting were small.
We also measured temperature profiles for the 6.5-inch cathode using the Land 52 and hot-wire spot pyrometers. Figure 10 shows the temperature variations on a horizontal profile through the center of the cathode. We plotted the maximum temperature difference between the center and that at any other point on the profile. All temperatures plotted in Figure 10 were measured assuming ε = 1, commonly called the "brightness temperature." Figure 11 shows similar results for a vertical profile through the center. The measured variations from the center agreed within ±3°C for the two pyrometers. The variations from the center for the thermal image agreed with that from the pyrometers within about ±8°C at each point along the profiles. From Figures 10 and 11, the maximum temperature variation (largest change in temperature from any point to any other point) for the 6.5-inch cathode were 26°, 21°, and 24°C from the thermal image, Land 52
and hot-wire pyrometers respectively. Thus the three instruments measured the same maximum temperature variation within 5°C. The spot pyrometers slightly underestimated the temperature variations since they averaged over a finite spot size. Also, the spots had to be at least half a spot diameter in from the cathode edge.
We estimate the uncertainties in the temperature variation along the temperature profiles for the thermal images are ±5°C and ±8°C for the 6.5-inch and 8-inch cathodes respectively.
Images were normally acquired with the camera and chamber window enclosed in a dark box to prevent stray ambient light from scattering into the camera. The other four viewports on the chamber were also covered. To determine the effect of a light leak, we intentionally introduced the greatest possible stray light by removing the dark box and uncovering the other four viewport windows. The resulting light was easily visible in the image and raised the apparent temperature of the cathode by about 10°C. This indicated with the box in place that such stray light was negligible. We also turned off the residual gas analyzer and vacuum ion gauge during the measurements because they were possible sources of stray light.
To determine uncertainty in absolute temperature, we analyzed measurements made at a single point at the center of the 6.5-inch cathode. It was convenient to think of the data as coming from five channels at different wavelengths. We plotted the data as a temperature field [9] as shown in Figure 12 . The temperature field is a plot of temperature calculated from the measured exitance for each channel. We calculated the temperature for each assumed value of emissivity. We plotted the five channels on the x axis with the calculated temperatures on the y axis. The first three channels were the CCD camera with the three different filters. Channel #4 was the Model 52 spot pyrometer. Channel #5 was the Model 241 spot pyrometer with a narrow-band filter.
Since we expected the most accurate temperatures to come from the bluest channel, we used Channel #1 to find the temperature bounds. The hollow circle plotted for Channel #1 is the temperature if ε = 0.3. We draw a horizontal dotted line for a temperature of 1155°C corresponding to ε = 0.30. The solid dot for Channel #1 was at the temperature of 1087°C if ε = 1. We drew another dotted line through this point. Since ε ≤ 1, the dotted lines are the absolute bounds on the actual temperature (assuming that ε ≥ 0.30). These bounds apply to all channels, since the actual temperature is the same for each. These bounds imply that ε is between 0.39 and 0.52 for Channel #5 at 1.8 µm. Also, ε is between 0.39 and 0.62 at 1.0 µm for Channel #4. Note that we have constrained the value of ε at 1.8 µm to be 0.45 ±0.07 using conservative bounds of 0.30 and 1.0 for ε at 0.4 m.
We measured emissivity at room temperature using a 1-inch-diameter sample of the cathode material obtained from the manufacturer.
[11] The curve in Figure 13 shows the results. Assuming that ε does not change from its value of 0.65 at 0.4 µm at room temperature, the actual temperature at the center of the 6.5-inch cathode is 1111°C, indicated by the solid horizontal line in Figure 12 . The temperature bounds are +44°C, -24°C.
The brightness temperature (ε = 1) at the center of the 6.5-inch cathode was measured to be 1087°, 1068°, and 1032°C, by the camera, hot-wire pyrometer, and Land 52 pyrometer respectively. These measurements were taken at wavelengths of 0.4 µm, 0.6 µm, and 1.0 µm respectively. Figure 13 summarizes the emissivity results for the 6.5-inch cathode. The emissivities at 1.0 µm and 1.8 µm come from Channels 4 and 5 of the temperature field in Figure 12 . The solid triangle at 2.2 µm (peak wavelength for blackbody emission at 1050°C) is the average emissivity of the cathode calculated using Eq. (1). It is the emissivity averaged over the cathode surface and over all emission wavelengths. The result was ε ave = 0.56, assuming that 90 percent of the power was radiated from the front of the cathode. The error bars in Figure 13 derive from the temperature bounds discussed above.
The emissivities at 1.8 µm and 2.2 µm are higher than that measured at room temperature for the 1-inch cathode sample, suggesting that emissivity beyond about 1.8 µm rises as the cathode heats from room temperature. We obtained the values of ε for the 8-inch cathode at 1.0 µm and 2.2 µm by a similar analysis. They were lower than that of the 6.5-inch cathode by about 0.04.
Displaying the data as the temperature field in Figure 12 shows graphically how bounds on emissivity in the blue at 0.4 µm constrain the temperature. It also shows how temperature determined in the blue then constrains the emissivity in the red. The Channels at 0.45 µm and 0.5 µm provided a consistency check.
Summary and Conclusions
We used multispectral imaging pyrometry to measure absolute temperature and maximum temperature variation of the 6.5-inch and 8-inch cathodes.
The maximum temperature variation was 38 ±8°C for the 8-inch cathode and 26 ±5°C for the 6.5-inch cathode. The thermal images showed a cool region near the gap in the heater elements for both cathodes. We did not meet the design temperature uniformity goal of a variation of 10°C
for the cathodes.
The brightness temperature (ε = 1) at the center of the 6.5-inch cathode was 1068°C (near 0.6 µm) using a hot-wire spot pyrometer. The heater power was 2.73 kW. The thermal image (at 0.4
µm) gave about a 20°C hotter brightness temperature.
We measured the absolute temperature in Kelvin at the center of both cathodes with an uncertainty of ±3% using conservative bounds of 0.3 and 1 for the emissivity at 0.4 µm. The absolute temperatures at the center were 1384°K (1111°C) and 1342°K (1072°C) for the 6.5-inch and 8-inch cathodes, with heater power of 2.73kW and 3.18kW respectively.
Using these absolute temperatures, we determined the average emissivity at operating temperature using the T 4 radiation law and the heater power. The average emissivity was 0.52 Planck Radiation Law for Blackbody Exitance (W/cm 2 /µm)
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